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GENERAL INTRODUCTION 
Bioanalysis has been one of the fastest grow­
ing areas in analytical chemistry. This trend is re­
flected by the increasing number of papers published in 
chemical journals that are devoted to the analysis of 
biomolecules such as amino acids, peptides,, proteins, 
and nucleic acids. In our research we are particularly 
interested in developing new methods or improving cur­
rent techniques for the separation and detection of 
nucleic acids. The results of some of this research are 
the focus of this thesis. 
Dissertation Organization 
This thesis is presented as three papers suitable 
for publication. In Paper I, we will evaluate an imag-
ing-based electrophoresis system that allows sensitive 
on-line detection of native DNA fragments. In Paper II, 
we will demonstrate a new technique, capillary electro­
phoresis for the separation of DNA fragments. In Paper 
III, we will discuss the feasibility of using indirect 
fluorometry for the detection of native DNA fragments in 
gel and capillary electrophoresis. 
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PAPER I 
ON-LINE DETECTION OF DNA FRAGMENTS 
IN GEL ELECTROPHORESIS BY ULTRAVIOLET ABSORPTION 
UTILIZING A CHARGE-COUPLED DEVICE IMAGING SYSTEM 
3 
INTRODUCTION 
In molecular biology research, gel electrophoresis 
is a standard method used to separate, identify, and 
purify nucleic acids (1). This method is usually rapid, 
simple to perform, and capable of resolving DNA frag­
ments that cannot be achieved by applying other methods. 
Two types of gels are currently used in electrophoresis. 
Polyacrylamide gel is suitable for the size separation 
of DNA fragments below 500 base pairs (bp). The resolv­
ing power of this gel is extremely high. DNA fragments 
differing in size as little as 1 base unit can be sepa­
rated from one another, as demonstrated in the sequenc­
ing gel. For larger DNA fragments, agarose gel is 
frequently used. Agarose gel has a lower resolving 
power than polyacrylamide gel; but it can separate DNA 
fragments that vary widely in size and is much simpler 
to prepare. 
The most common method used for visualizing the DNA 
bands in the gel matrix is fluorescence staining with 
ethidium bromide (2); this technique is very sensitive 
and is usually performed following electrophoresis. 
However, this method does not work effectively for 
certain nucleic acids such as oligonucleotides and 
4 
single-stranded DNA fragments. Moreover, the staining 
and destaining of gels may take as long as 1 hour to 
complete. In addition, handling low percentage gels 
during these treatment steps is difficult. Also, band 
spreading and sample loss due to diffusion is possible. 
Another way to visualize the DNA bands is to include 
ethidium bromide in the running buffer (3). This proce­
dure is both convenient and simple. It allows the 
researcher to monitor the electrophoresis during the 
run; but incorporating the dye in the running buffer 
will change the mobility of the DNA (4) and degrade 
detectability because of a larger background signal. 
Since the ethidium ion is mutagenic, it is inconvenient 
to dispose of large amounts of contaminated buffer 
solution (5). Furthermore, recovery of DNA fragments 
(e.g., for further digestion or sequencing) from the 
DNA-dye complex is inconvenient and time-consuming. For 
radio-labeled DNA samples, one can employ autoradiogra­
phy. Very sensitive detection is possible with this 
technique, but it also requires a great expense of time. 
An exposure period consisting of 1 day to several days 
is common (5). In addition, strict laboratory practice 
is required because radioisotopes must be handled care­
L 
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fully. 
The bases of nucleic acids (Figure 1) all show 
maximum UV absorption around 2 60 nm. This implies that 
they can be detected by absorption at 254 nm of UV light 
emitted from a mercury lamp. Two such methods, ultravi­
olet shadowing (6) and ultraviolet imaging (7), have 
been used to detect nucleic acids. In these methods, 
the DNA bands absorb UV light, leaving an underexposed 
area on a fluorescent or photographic background that 
corresponds to the locations of the DNA fragments in a 
gel (Figure 2). The shadowing technique is especially 
interesting, since UV light is converted to visible 
light that can then be conveniently detected. Neverthe­
less, there were two major disadvantages to the manner 
in which these methods were implemented: 1) real-time 
monitoring of the electrophoresis was not possible, and 
2) detectability was poor. 
Charge-coupled devices (CCDs) and charge-transfer 
devices (CTDs) have recently made a substantial impact 
on spectrochemical measurements (8,9). The advantages 
of these devices include high sensitivity, good spatial 
resolution, wide spectral response, and a large dynamic 
range. Commercial versions offer low-level light sensi-
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Figure 1. Bases of nucleic acids. 
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Figure 2. Principle of UV shadowing. 
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tivity that is competitive with photomultiplier tubes 
and a dynamic range equivalent to 16 bits over 500 X 500 
pixels. A CCD has been used for direct fluorescence 
detection in slab gels (10,11), but not for absorption. 
In this work, we will discuss a sensitive, CCD-based 
system that can be used to detect double-stranded DNA 
fragments in gel electrophoresis via the ultraviolet 
shadowing technique. Because UV light is converted to 
visible light indirectly after it interacts with DNA 
fragments, a standard camera lens can be used to image 
the slab gels onto a CCD. Furthermore, the ability to 
detect low light levels is desirable because it allows 
one to use a commercial UV lamp, speeds up data acquisi­
tion time, and avoids photodamage of the DNA fragments 
during imaging. The distinct advantages of our method 
are simplicity, good detectability, reliable quantit­
ation, and the capability of on-line monitoring during 
electrophoresis. 
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EXPERIMENTAL 
DNA Sample Preparation 
Lambda DNA and restriction endonuclease Kind III 
were purchased from BRL (Gaithersburg, MD). Restriction 
digests were carried out under the conditions suggested 
by the manufacturer except that double amount of Hind 
III was used to ensure a complete digestion. In brief, 
the digestion solution contained 300 fil of lambda DNA 
solution (150 ^ g), 40 ^ 1 of lOX reaction buffer, 30 fil 
of Hind III endonuclease (300 unit), and 30 ^il of water. 
The digestion reaction was performed at 37 °C for 2 
hours. Dilutions of the Hind III digests were prepared 
with either running or diluted digestion buffer. 
Gel Electrophoresis 
Molecular biology and analytical grade chemicals 
were obtained from Sigma (St. Louis, MO) . The running 
buffer contained 2 0 mM Tris and 1 mM EDTA and was ti­
trated to pH 8.1 with 85% phosphoric acid. Ultrapure 
grade agarose was purchased from Bio-Rad (Richmond, CA). 
3 nun thick, red fluorescent Plexiglas was obtained from 
Plexiform (Iowa City, lA), and cut into 70 mm X 100 mm 
plates. The backside of the Plexiglas plate was spray-
10 
painted flat black. Agarose gel at 0.7% (w/v) was cast 
as either an open gel on the fluorescent plate as usual, 
or, in most cases, as a sandwich gel between the fluo­
rescent plate and a 70 mm X 80 mm X 1.5 mm quartz plate 
(Figure 3). All gels were approximately 2 mm thick. 
Sample wells were formed by using either a 1 mm X 2.5 mm 
or a 1 mm X 5.5 mm comb. Before sample loading, the 
wells were filled with the running buffer, and the 
surface of the gel that was not covered by the quartz 
plate was overlaid with a thin layer of buffer. The 
level of the running buffer inside the separation cham­
ber was adjusted so that it only touched both ends of 
the gel, instead of covering the whole gel surface as in 
the conventional submerged system. To increase the 
density of the samples for easy loading into the wells, 
all loading samples included 5% (w/v) Ficoll solution. 
Typically, 2-4 iil of samples were loaded per lane. 
Electrophoresis was carried out horizontally in a Mini-
Sub cell (Bio-Rad, Richmond, CA) at a constant voltage 
of 50 volts. 
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Figure 3. A schematic diagram of a sandwich gel. 
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Detection 
Figure 4 shows a schematic diagram of the detection 
setup. A scientific-grade cooled CCD digital camera 
system (Photometries, Tucson, AZ) was used to image the 
gels. The system was equipped with a thermoelectrica-
lly-cooled Thomson TH7882 (384 X 576 pixel) CCD. The 
camera head, with a 90 mm f/2.5 tele-macro lens (Tamron 
Co.), was mounted approximately 55 cm above the gel. 
This particular lens has flat-field focusing properties 
at low aperture settings, thus ensuring high light 
throughput without a loss of image sharpness. The gels 
were illuminated by a 3 0-watt hand-held UV lamp (Cole-
Parmer, Chicago, IL, Model 09815-72) operating at 254 
nm, which was mounted about 45 cm above the gel. Appro­
priate filters were placed on the lamp and camera to 
avoid detecting the 254 nm light and other wavelengths 
emitted by the lamp. Exposure times were typically 5 
seconds or less. To avoid photodamage of DNA fragments, 
the UV lamp was turned on only when images were ready to 
be photographed. With the Photometries 200 series 
camera, images can be processed and viewed as the gel is 
being run and later transferred to a laboratory computer 
(PC/AT) for storage and further processing. 
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Figure 4. The experimental setup of the CCD based 
system. CCD = charge-coupled device, SH = shutter, ML = 
macro lens, UV = ultraviolet lamp, EC = electrophoresis 
cell, QP = quartz plate, FP = fluorescent plate, GEL = 
agarose gel, CC200 = data system for camera 
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RESULTS AND DISCUSSION 
In conventional submerged gel electrophoresis, open 
gel is first cast and then covered by a thin layer of 
running buffer during electrophoresis to cool it and 
prevent gel dryness. However, this procedure is not 
desirable in the detection system reported here because 
dust particles may deposit on the surface of the gel 
while it is being cast, or flow on top of the running 
buffer covering the gel. This, in turn, will create 
artifacts on the detected signal by reflecting and 
scattering light. The sandwich gel shown in Figure 3 
will eliminate such problems. In addition, a sandwich 
gel can prevent the gel from drying so it can be used 
for a extended period of time. 
Hind III restriction digests of lambda DNA (13) 
generate six major fragments ranging in size from 2000 
to 23100 base pairs (bp). Where DNA is present in the 
gel, a portion of the U\'' light that would normally have 
excited the fluorescent background is absorbed, result­
ing in dark bands. In this work, the absorption bands 
for the four largest Hind III fragments could be clearly 
seen with an unaided eye in a dark room at the normal 
DNA concentration. However, a CCD allowed us to image 
15 
the gel for sensitive detection and to perform the 
desired operation. An image of a typical electrophoret-
ic run acquired with the CCD camera is shown in Figure 
5. The plot of the detected signal (i.e., background 
fluorescence intensity) vs the location of bands is 
shown in Figure 6. It is obvious that Figure 5 is a 
poor quality image with artifacts that are difficult to 
interpret. Furthermore, the background fluorescence 
intensity is not evenly distributed. Although a few DNA 
bands can be observed, the image is not very useful. 
Since the reduction in fluorescence due to absorp­
tion by the DNA bands was small (from 1 to 10% in this 
study), it was necessary to correct the image for varia­
tions in individual pixel gain, non-uniformities in UV 
light illumination, and signal distortion due to the 
gel. This correction technique is commonly known as 
"flat-fielding". For our study, this was accomplished 
by placing the loaded gel in the detection chamber, 
illuminating it with the UV lamp, acquiring this blank 
image, and then storing it digitally before applying the 
running voltage required for electrophoresis. Then, at 
desired times throughout the electrophoresis, the image 
was acquired and flat-fielded simply by dividing the 
Figure 5. An CCD image of a typical electrophoretic run 
for the Hind Ill/lambda DNA fragments. The direction of 
electrophoresis is from top to bottom. 
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intensity values of the image by that of the blank, 
pixel by pixel, and multiplying the resulting ratios by 
a constant. These calculations were accomplished on 384 
X 576 pixel images in only a few seconds. The CCD image 
and the trace of DNA bands after flat-fielding are shown 
in Figure 7 and Figure 8, respectively. It is clear 
that the quality of the image is greatly improved after 
flat-fielding. The background signal across the flat-
fielded image was quite even, and the peak signals were 
enhanced. However, we found that an image could not be 
flat-fielded effectively when the back of the Plexiglas 
was not painted black. This was probably due to the 
reflection of light. The flat-fielded images at various 
time of electrophoresis are shown in Figure 9. The 
loading wells at the top of each lane show up as bright 
bands. These are the locations where all the DNA resid­
ed before electrophoresis. When the fragments move away 
from the wells, the absorbance becomes zero once again. 
The flat-fielding process therefore produces bright 
bands at these locations. 
As mentioned, cooling the gel by using a running 
buffer was not possible in this study. However, the 
heat generated during electrophoresis was able to 
Figure 7. A flat-fielded image of Figure 5. Direction 
of electrophoresis is from top to bottom. DNA bands 
(top to bottom): 23.1, 9.4, 6.6, 4.4, 2.3, and 2.0 kilo 
base pairs (KB) 
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Figure 8. Plots of the detected signal vs location of 
bands for the original and the flat-fielded images. 
Figure 9. Flat-fielded images of electrophoresis of the 
Hind Ill/lambda DNA fragments. Direction of electropho­
resis is from top to bottom. (a) 0.4 hr. 
0.4 hr 
Figure 9 (continued). (b) 0.5 hr. 
0.6 hr 
I 
Figure 9 (continued). (c) 0.8 hr. 
0.8 hr 
Figure 9 (continued). (d) 1.0 hr. 
1.0 hr 
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dissipate effectively through the air. This was evi­
denced by the straight DNA bands that were observed 
during the run. If overheating had really been a prob­
lem, the bands would have been curved (smiling effect) 
or distorted as is commonly observed in the sequencing 
gel. In addition, the straight DNA bands also indicated 
that photodamage of the DNA fragments by the UV light 
was not occurred or negligible. Otherwise, a smear 
instead of individual bands would have been observed. 
Figure 10 is a plot of the background fluorescent inten­
sity vs the location of bands at different times during 
electrophoresis. To improve the signal-to-noise ratio, 
the columns of pixels that make up the lane, typically 
20-30, were averaged to one column and then smoothed 
with an 11-point Savxtzky-Goiay smoothing routine (14). 
The six fragments were well separated from each other at 
about 1 hour. The plots of the locations of individual 
DNA bands as a function of time (Figure 11) showed 
linear relationships as expected. Again, if the elec-
trophoretic mobilities of the DNA fragments changed 
during the run because of pH change, overheating, or 
photodamage, the plots in Figure 11 would not be linear. 
In addition, these plots could also provide important 
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as a function of time. 
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insights into other separation modes, such as pulsed-
field gel electrophoresis (15). 
Accurate quantitation of the amount of DNA in a gel 
is not necessary in most DNA restriction analyses. The 
locations of the DNA bands in a gel rather than their 
amounts are the most important concern. Still, it may 
sometimes be useful to estimate the amount of DNA in a 
band. For example, because the molar absorptivities of 
the DNA fragments are proportional to their molecular 
weight, and the path length and volume of the gel imaged 
by any given pixel are constant, it can be shown that by 
using the Beer-Lambert law the absorbance signal from a 
pixel is proportional to the amount (weight) of DNA in 
the area imaged by the pixel. Thus, the summation of 
the absorbance values for the pixels in a band should be 
proportional to the amount of DNA in that band. Figure 
12 is a plot of the summation of absorbance values of 
the pixels that make up a given band vs the weight of 
DNA in that band. A total of 23 bands spanning the four 
largest fragments from one gel are included here, and 
the linear relationship is clearly shown. It is inter­
esting to note that Figure 12 allows an independent 
determination of the size of the DNA fragment. On a 
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DNA in each band and the least-squares best-fit line. 
relative basis, since all fragments come from the same 
DNA, the ratio of the integrated absorbance for each 
band should be identical to the ratio of the fragment 
sizes. If the initial molar amount of DNA, the exact 
pixel size, and gel thickness are determined, one can 
then use the molar absorptivity of the average base to 
estimate the number of bases in each band and thus the 
number of bases per mole of the fragment in question. 
This, of course, depends on the assumption that complete 
digestion of DNA is performed. An independent determi­
nation of the fragment size as suggested here will help 
to decipher the complicated migration patterns in other 
modes of separation such as pulsed-field gel electropho­
resis (15). This means that reliable quantitation can 
add substantially to the information content obtained 
with gel electrophoresis. 
With this CCD-based absorption detection system, we 
obtained a detection limit of approximately 5 ng for the 
double-stranded DNA/band. This value is comparable to 
the 1-10 ng detection limit obtained by fluorescence 
staining with ethidium bromide using standard visualiza­
tion, and is at least 25-65 times lower than that 
obtained previously by using shadowing and imaging. 
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respectively. The improvement is a direct result of the 
higher contrast possible in a CCD system (vs photograph­
ic plates) and the incorporation of flat-fielding. The 
amount of DNA used here (0.2-1 iiq) is typical, so this 
detection scheme is readily available for implementation 
in molecular biology. If however, even better detection 
limits are desired, we have found that frame-averaging 
can be employed. For example, averaging nine frames 
will improve the signal-to-noise ratio by 3 times since 
our system is shot-noise limited. This obviously in­
creases the data acquisition time proportionately. 
The capability to perform on-line monitoring in 
electrophoresis is very useful. If the separation 
progress can be visualized, one can then change the 
running conditions at anytime if needed, to achieve an 
optimum separation or to terminate a good (or bad) run 
with a minimum delay of time. This is especially impor­
tant when a long running time is needed (e.g., 10-20 
hours in pulsed-field electrophoresis). DNA bands are 
usually detected with ethidium bromide staining after 
electrophoresis. Inclusion of the dye in the running 
buffer is also common, since this will allow the 
electrophoresis to be monitored during the run. 
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However, inclusion of dye will change the conformation 
and charge distribution of DNA, resulting in a change of 
DNA mobilities. These changes may cause complications 
in performing size determination by mapping. 
Figure 13 is a flat-fielded image after a run in 
which the native and ethidium bromide-stained samples 
were applied to the same gel. The total amount of DNA 
in each lane was 0.4 /xg. The concentration of the dye 
in the stained samples ranged from 2.5-150 /xg/ml and was 
mixed with the DNA before loading (16). The dark bands 
found in lane A and elsewhere in the image, are the UV 
absorption bands, while the bright bands corresponded to 
the fluorescing dye-stained DNA. The fluorescent bands 
in lane B were fuzzy and weak because of the lack of a 
sufficient amount of dye needed to fully complex all of 
the DNA. At higher dye concentrations, all of the DNA 
formed complex with the dye, resulting in intense fluo­
rescent bands as is the case in lanes C-E- It is inter­
esting to note that as running times became longer, 
ethidium bromide dissociated from the DNA complex. 
Thus, after a certain time the fluorescent bands became 
weaker and finally converted to UV absorption bands. 
Figure 14 is a plot of intensity vs location of the 
Figure 13. A flat-fielded image of a gel with both 
stained and unstained DNA fragments. The amount of 
ethidima bromide in each sample was 0, 2.5, 13, 37, and 
150 /xg/ml in lanes A-E, respectively. Electrophoresis 
direction is from top to bottom. 
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Figure 14. Intensity vs location of bands for stained 
and unstained DNA on a same gel. 
stained and native DNA bands in Figure 13. The positive 
and negative peaks correspond to the stained and native 
DNA, respectively. It is clear that the native DNA 
fragments show 10-15% higher mobilities than the stained 
fragments. This highlights the importance of having the 
capability of visualizing the bands without chemical 
treatment. 
One of the essential parts of the detection system 
reported here is the fluorescent background. We used 
red fluorescent Plexiglas throughout the experiment. 
This material is cheap, durable, and easily available. 
However, Plexiglas that fluoresces at a different color 
or other types of fluorescent materials also can be 
used. The stronger the material fluoresces, the shorter 
the exposure time needed for an image to be acquired. 
For example, when an orange Plexiglas was used, the 
exposure time was about 1 s (5 s for the red Plexiglas). 
In addition, when we used a glass plate with orange 
fluorescent paint sprayed on it as the fluorescent back­
ground, the required exposure time decreased to 0.5 s. 
We have also applied this CCD detection scheme to a 
conventional vertical gel system and the results are 
similar to those reported above for the horizontal 
43 
system. 
Naturally, the CCD-based electrophoresis system 
can also be applied to the detection of other biological 
molecules since most of these molecules absorb UV light, 
e.g., oligonucleotides, RNA, proteins, and glycopro­
teins. For example, the detection of protein bands by 
staining (e.g., Coomassie Blue) is complicated (17). 
The staining procedure is time-consuming, not reproduc­
ible, and non-quantitative. Also, enzymatic or biologi­
cal activities are usually lost after staining. In 
addition, different proteins show a different affinity 
for the same dye. With the CCD detection system, these 
problems are eliminated. In fact, 0.5 /ig of BSA can be 
easily detected using the CCD system with agarose gel as 
the separation matrix, and this value is comparable to 
that obtained with the Coomassie Blue staining method. 
In addition to the advantages mentioned above, the 
CCD-based electrophoresis system allows the gel to be 
reused. Because no staining and destaining steps are 
required to visualize the bands, chemical and physical 
damage to the gel can be avoided. Thus, repeated runs 
can be initiated on the same gel once the bands of the 
previous run are swept out from the detection zone. 
I 
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This procedure only requires an occasional replacement 
of running buffer to avoid any pH change. 
45 
CONCLUSIONS 
The CCD camera system proved to be a convenient 
means of acquiring the desired images. Because of the 
camera system's integrating ability and high sensitivi­
ty, images can be acquired quickly and easily. The 
CCD's low-noise characteristics, coupled with the flat-
fielding technique allow for a low detection limit. 
Compared to previous shadowing and imaging methods, the 
detection scheme reported here has better detectability 
and allows electrophoresis to be monitored during the 
run. The latter is especially useful when long running 
times are required, such as pulsed-field electrophoresis 
for the separation of chromosomal DNA. Utilizing on­
line monitoring, one could change the operating condi­
tions during the run, such as switching times, to 
achieve the desired separation, or to terminate a run 
with a minimum delay of time. Since this detection 
system does not use ethidium bromide, no hazardous waste 
disposal is necessary. Furthermore, recovery of native 
DNA from a gel would be simpler with minimum sample loss 
since no DNA-dye complex would be formed. This would be 
especially valuable in the recovery of limited quantity 
of DNA fragments for further mapping or sequencing. In 
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addition, since no staining or destaining step is in­
volved, physical or chemical damage to the gel can be 
avoided. This allows repeated runs in the same gel. 
Quantitative results are obtained, which could be used 
as an independent measure of the fragment size. Besides 
DNA, the CCD-based separation and detection system also 
can be applied for the analysis of other biological 
molecules such as KNA and proteins. Finally, high 
sensitivity detection and ease of operation allows the 
CCD-based electrophoresis system to be readily imple­
mented in molecular biology. 
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PAPER II 
SEPARATION OF DNA FRAGMENTS 
USING CAPILLARY ELECTROPHORESIS 
50 
INTRODUCTION 
Gel electrophoresis is by far the most widely used 
separation technique in molecular biology research. It 
is used routinely in applications where size fraction­
ation is required, such as DNA restriction mapping, 
protein-DNA mobility shift assays, and DNA sequencing 
(1). In conventional DNA applications, gel electro­
phoresis is frequently performed with gels such as 
agarose or polyacrylamide cast in tubes or as slabs. 
The capability of performing multiple-channel sample 
applications is the major advantage of using convention­
al gel electrophoresis. In a typical mini-gel electro­
phoresis apparatus (e.g., the Bio-Rad Model 175 for tube 
gel or the Protean II for slab gel), more than ten sam­
ples can be subjected to electrophoresis at the same 
time. In addition, different gel compositions required 
for separation of different samples can be used in the 
tube gel system. On the other hand, the disadvantages 
of the slab and tube gel systems include time-consuming 
gel preparation, long running time, a lack of real-time 
detection capability, and the requirement of a large 
sample size. 
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In the past few years, capillary electrophoresis 
(CE) has been shown to be a fast, powerful, and effi­
cient separation technique for a variety of compounds 
(2). In a typical CE experiment, a fused-silica capil­
lary measuring between 0.05-0.15 mm I.D. is frequently 
used as the separation chamber (Figure 1). This narrow-
bore capillary assures rapid heat dissipation such that 
a high voltage can be applied to achieve a fast and 
efficient separation. CE can be performed in several 
formats. For example, in capillary zone electrophoresis 
(CZE), a capillary is filled only with a buffer for the 
separation of analytes. Compounds with different mass-
to-charge ratios can usually be separated by CZE. It 
has been applied to separate a variety of compounds such 
as proteins (3-5), peptides (6-8), amino acids (9-11), 
and drug metabolites (12-14). However, using CZE to 
fractionate DNA fragments is not successful since each 
fragment has a similar mass-to-charge ratio (15). 
Therefore, a separation scheme based on mechanisms other 
than charge should be explored. 
Kasper et al. (15) demonstrated that partial sepa­
ration of the Hae III fragments of 0X174 DNA can be 
achieved by using a cetyltrimethylammonium bromide 
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Figure 1. A schematic diagram of a capillary electro­
phoresis system. 
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(CTAB) micellar CE system. However, no further investi­
gations of this system have been reported. Another 
attempt to separate DNA fragments involved the introduc­
tion of a sieving medium in the CE system. By using a 
gel-filled capillary with low and zero cross-linked 
polyacrylamide, Karger et al. (17) demonstrated good 
separation of DNA fragments up to about 10,000 base 
pairs in length. 
Recently, CE approaches using a viscous buffer con­
taining cellulose additives have been reported for the 
separation of DNA fragments in coated (18) and uncoated 
capillaries (19). Since chemical gels (e.g., polyacryl-
amide and agarose) were not used, we tentatively refer 
to that separation scheme as the "non-gel" separation in 
this manuscript. This is very interesting, since no 
polymerization of any chemicals is required to form the 
viscous agent for size-dependent separation. 
In this chapter, we will discuss our results with 
DNA separation using gel-filled and non-gel capillary 
electrophoresis. The feasibility of applying a new type 
of polymer matrix, the HydroLink gel, in capillary gel 
electrophoresis of DNA fragments was examined. In addi­
tion, we also investigated a non-gel DNA separation 
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strategy using a commercial GC microbore column as a 
coated capillary. 
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EXPERIMENTAL 
Materials 
DNA fragments. Hind III/Lambda DNA and Hae III/9X 
174, were obtained from International Biotechnologies 
(New Haven, CT). Hae III digests of pBR322 DNA and Bgl 
I/Hinf I digests of pBR328 DNA were obtained from 3ce-
hringer Mannheim (Indianapolis, IN). Electrophoresis-
grade reagents, ammonium persulfate, N,N,N',N',-tetra-
methylethylenediamine (TEMED), and acrylamide were ob­
tained from Bio-Rad (Richmond, CA). DS DNA HydroLink 
gel was supplied by AT Biochem (Malvern, PA). Hydroxy-
propylmethyl cellulose (4000 cp and 15000 cp at 25°C for 
a 2% solution) were obtained either from Sigma Chemical 
(St. Louis, MO) or Serva Biochemicals (Paramus, NY). 
All other chemicals were reagent grade and supplied by 
Sigma. Fused-silica capillary tubing was obtained from 
Polymicro Technologies (Phoenix, AZ). Fused-silica GC 
capillaries coated with a non-polar stationary phase DB-
1 (50 ixm I.D.) and BP-1 (100 jsm I.D.) were supplied by J 
& W Scientific (Folsom, CA) and Scientific Glass Engi­
neering (Austin, TX) respectively. 
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Instrumentation 
A commercial (Isco, Lincoln, NE, Model 3850) and a 
home-built capillary electrophoresis system were used. 
UV detection at 260 nm was used for the commercial in­
strument while laser-induced fluorescence detection was 
used for the home-built system. A sketch of the home-
built CE system is shown in Figure 2- The ends of both 
the separation capillary and the platinum electrodes 
were immersed in buffer vials to complete the electrical 
circuit. The constant potential required for separation 
was generated by a negative polarity high-voltage power 
supply (Grassman High Voltage, Inc., Whitehouse Station, 
NJ) . 
Detection 
For fluorescence detection, an Argon ion laser 
operated at 488 nm (Cyonics, San Jose, CA; model 2213) 
or a Helium-Cadmium laser operated at 325 nm (Spectra 
Physics, Summerset, NJ; model 2045) provided excitation. 
The laser beam was focused onto the capillary with a 
quartz focusing lens (1 cm focal length). A lOx micro­
scope objective was placed about 0.5 cm away from the 
capillary to collect the red emission light of the DNA-
I. 
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Figure 2. A schematic diagram of CE with laser-induced 
fluorescence detection. HV = high voltage supply, M = 
mirror, L = lens, OB = objective, F = filter, PUT = 
photomultiplier tube, CR = chart recorder, PC = comput­
er. 
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ethidium bromide complex. The collected light passed 
through a red glass filter and was then detected by a 
silicon photodiode (Hamamatsu, Middlesex, NJ; Model 
HC22 0-01). The voltage signal from the photodiode was 
monitored by a strip-chart recorder (Measurement Tech­
nology, Denver, CO) or a PC-compatible computer equipped 
with the Chrom Perfect Direct data acquisition interface 
(Justice Innovations, Palo Alto, CA) . 
HvdroLink Gel-Filled Capillary 
A 75 Mm I.D. fused-silica capillary was washed for 
5 minutes sequentially with 1 N NaOH and water. Before 
gel casting, a window for on-column detection was creat­
ed on the capillary by burning off a small portion of 
the capillary polyimide coating. The window was then 
carefully washed with methanol. A 3 0% Hydrolink (HL) 
gel solution was prepared by diluting the stock HL solu­
tion with 2 mM sodium borate buffer (pH 9.1). Next, 5 
111 of TEMED and 150 ill of freshly prepared 10% ammonium 
persulfate were added to the diluted HL solution. After 
mixing, the resulting solution was carefully loaded into 
the capillary with a syringe to avoid the introduction 
of an air bubble- Polymerization of the gel inside the 
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capillary was completed in less than 1 hour at room 
temperature. Before sample injection, the gel-filled 
capillary was pre-run for 1 hour in 1 mM borate buffer 
containing 0.4 fig/ral ethidium bromide (EBr) . EBr was 
not added to buffer for absorption detection. 
Non-Gel Capillary 
A stock solution of approximately 1% hydroxypropyl-
methyl cellulose (HPMC) was prepared by dissolving HPMC 
in water at room temperature or as follows. 2 g of HPMC 
was added to 100 ml of hot water (about 90 °C) and this 
mixture was then agitated until the cellulose particles 
were wet and evenly dispersed. Next, 100 ml cold water 
was added and the resulting mixture was continuously 
agitated for at least half an hour. The electrophoresis 
buffer was prepared by diluting the stock cellulose 
solution with either borate or phosphate buffer. The 
separation chamber consisted of a GC capillary having an 
I.D. of 50 or 100 lira. A detection window was formed by 
removing a small portion of the GC capillary coating 
with hot concentrated sulfuric acid, this was followed 
by a methanol wash. To fill the capillary with the 
running buffer, a syringe was used. To achieve repro­
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ducible migration time, the capillary was flushed with 
the running buffer after each run. For both gel-filled 
and non-gel capillary separation, sample loadings were 
performed by electromigration. 
! 
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RESULTS AND DISCUSSION 
Electrophoresis refers to the movements of charged 
molecules or ions within an electric field. The rate of 
movement of the charged particles depends on various 
factors such as particle charge, size, shape, buffer, 
and electrical field strength. Free zone electrophore­
sis performed inside a small diameter capillary (CZE) 
has proven to be an efficient and rapid separation 
method for various biological compounds such as amino 
acids, proteins, and peptides. 
In free solution, linear DNA fragments have similar 
mass-to-charge ratios (15); therefore, their electropho-
retic mobilities are independent of molecular weight. 
Thus, separation of DNA fragments by CZE is difficult. 
One approach to achieve DNA separation with the CE 
format is the introduction of a molecular-sieving medium 
such that DNA fragments are separated by size rather 
than by charge. Since polyacrylamide gel has already 
provided an excellent sieving medium for the separation 
of DNA fragments in slab gel electrophoresis (1), its 
application in capillary gel electrophoresis should be 
feasible. Indeed, gel-filled capillaries are commer­
cially available (e.g., MICRO-GEL,gg from ABI) . However, 
62 
these capillaries are suitable only for the purification 
of small DNA fragments (e.g., synthetic oligonucleoti­
des) due to the small pore size of the gel matrix. 
Karger et al. have reported using a 75 jum polyacrylamide 
gel-filled capillary for the separation of proteins, 
peptides, and nucleic acids (20-22). To enhance the 
stability of the gel-filled capillary, their gel casting 
procedure involves the covalent binding of polyacryl­
amide gel to the capillary wall via a bifunctional agent 
(methylacryloxypropyl)-trimethoxysilane. However, 
routine production of reliable capillary gels using 
Karger's procedure was found to be difficult (23). 
Nevertheless, Kasper et al. (16) used a 100 /xm I.D. 
polyacrylamide gel-filled capillary (3%T, 5%C) to sepa­
rate Hae III/<pX 174 DNA; but the result was not impres­
sive. Morris et al. (24) obtained better separation 
with a 75 ^J^ra I.D. gel-filled capillary (3.5%T, 3.3%C) 
for the same DNA fragments. 
HvdroLink Gel-Filled Capillary Electrophoresis 
In this study we used a new type of gel matrix, the 
HydroLink (HL) gel, instead of using polyacrylamide gel 
for the sieving medium. HL gel was well characterized 
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(25) and its application in slab gel DNA electrophoresis 
has been studied in detail (26). Compared to agarose 
and polyacrylamide gels, HL gel offers higher mechanical 
strength, ten times the sample loading capacity, and 
higher band resolution (26). In addition, HL gel is 
easier to cast, and is less health hazardous than poly-
acrylamide gel. 
Figure 3 shows the separation of Hae 111/0X174 DNA 
fragments using a 75 fj-ra. I.D., 30% HL gel-filled capil­
lary with UV detection. It is obvious that the separa­
tion performance of this gel capillary was very good. 
All of the 11 Hae Ill-digested fragments, ranging in 
size from 72 to 1353 bp (base pairs), were well separat­
ed in about 35 minutes. Figure 4 shows the HL capillary 
gel separation of the Hind Ill-digested fragments of 
lambda DNA. Again, we achieved reasonably good separa­
tion of the fragments, ranging from 564 to 23130 bp, in 
about 45 minutes. Better results are expected once the 
running conditions are optimized. 
In slab gel electrophoresis, for high sensitivity 
and simplicity, DNA fragments are mostly detected by 
fluorescence staining. This is usually done by complex-
ing DNA fragments with the fluorescence dye, ethidium 
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Figure 3. Gel-filled CE separation of Hae III/0X174 DNA 
fragments using 30% HydroLink gel. Column: 75 /xm I.D. X 
50 cm total length, 30 cm effective length. Buffer: 1 
mM borate (pH 9.1). Sample concentration: 0.13 /ig//il. 
Injection: 5 s at -3 KV. Running voltage: -6 KV. 
Absorption detection at 260 nm. Peaks are labeled as 
base pairs. 
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Figure 4. Gel-filled separation of Hind Ill/lambda BNA 
fragments using 30% HydroLink gel. Column; 75 /im I.D. X 
50 cm total length, 30 cm effective length. Buffer: 1 
mM borate (pH 9.1). Sample concentration: 0.18 nq/jil. 
Injection: 3 s at -3 KV. Running voltage: -6 KV. 
Absorption detection at 260 nm. 
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bromide, and monitoring the red fluorescence of the DNA-
dye complex. Figure 5 shows the electropherogram for 
the HL gel-filled capillary separation of Hae III DNA 
digested fragments with fluorescence detection. To 
eliminate co-polymerization with the gel matrix, EBr was 
not added during the gel casting step. Instead, it was 
introduced into the capillary gel by electromigration 
when the running buffer containing the dye was used. At 
the running pH (i.e., 9.1), the capillary wall is nega­
tively charged due to the ionization of the silanol 
group on the wall surface. In an open capillary the 
positively-charged ethidium ion sticks to the wall by 
electrostatic attraction. This results in a high fluo­
rescence background that makes the fluorescence detec­
tion of DNA difficult. In addition, any interaction 
between DNA and the ethidium-coated capillary can de­
grade separation efficiency. These problems did not 
occur in our study. This may be due to the fact that 
the HL gel effectively seals the capillary wall to 
prevent its interaction with the dye. Interesting, the 
resolution of the 281/310 peaks was also improved with 
the addition of EBr in the buffer. 
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Figure 5. Gel-filled CE separation of Hae III/0X174 DNA 
fragments using 3 0% HydroLink gel with fluorescence 
detection. Column: 75 /im I.D. X 40 cm total length, 25 
cm effective length. Buffer: 1 mM borate (pH 9-1) con­
taining 0.4 /ig/ml ethidium bromide. Sample concentra­
tion: 0.13 fig/111. Injection: 1 s at -1 KV. Running 
voltage: -2 KV. Peaks are labeled as base pairs. 
68 
Reproducibility in gel preparation and long-term 
stability of the capillary gel are common problems in 
polyacrylamide gel-filled capillary separation (23). 
Our primary result shows that the success rate for 
casting a 75 iim I.D., 30% HL capillary gel is about 60%. 
For each good capillary, more than 15 sample injections 
can be performed with no significant loss in separation 
performance. Of course, future studies are needed to 
determine the factors that affect the casting reproduci-
blity, stability, and separation performance of the 
HydroLink capillary gel. We also tried casting the HL 
gel in a 50 /na I.D. capillary, but the reproducibility 
of gel casting and its stability was poor. 
Capillary electrophoresis is mostly used as an ana­
lytical separation technique. Its preparative-scale 
application is limited. This is because only a small 
amount of sample can be loaded in each run and sample 
collection can be complicated. Also, sample overload 
results in degraded separation (27). To increase load­
ing capacity, Guzman et al. used bundles of capillaries 
for a semi-preparative operation (28). Their results 
were impressive; however, fabrication of the capillary 
bundles was complicated. In slab gel analysis, HL gel 
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offers a lOX increase in sample loading capacity comp­
ared to polyacrylamide or agarose gels without compro­
mising resolution (26) . Although this advantage has not 
yet been tested with the KL capillary gel, it is likely 
that the sample loading properties of the slab and 
capillary gels are similar. Thus, the KL gel could be 
valuable in the preparative-scale CE operation. 
Non-Gel Capillary Electrophoresis 
Recently, electrophoresis buffers containing cellu­
lose additives (i.e., non-gel) such as methyl and hydr-
oxypropylmethyl cellulose have been shown to provide a 
molecular-sieving capability for the CE separation of 
nucleic acids (29). Many cellulose ethers are water 
soluble. Once dissolved, cellulose molecules form a 
linear polymer network that contributes to the viscous 
property of the solution. The separation mechanism for 
the cellulose buffers is not fully understood; however, 
the polymer network is believed to form dynamic pores, 
similar to the stationary pores found in agarose and 
polyacrylamide gel, which provides molecular sieving for 
size-dependent separation (29). 
70 
Non-gel DNÀ separations have been performed in 
linear polyacrylamide-coated (18) and uncoated (19) 
capillaries, but the coated capillary provides higher 
separation efficiency. This coating serves two pur­
poses. First, it prevents DNA (or other molecules) from 
interacting with the negatively-charged capillary wall 
because such interaction will degrade the separation 
efficiency (IS). Second, the coating eliminates electr-
oosmotic flow that allows molecules to be separated 
mainly based on their electrophoretic mobilities. We 
have coated the walls of different I.D. capillaries 
(from 75 to 150 /%m) with linear polyacrylamide according 
to the published procedure (3 0) ; but our experience 
found that under our working conditions, the run-to-run 
and column-to-column reproducibility of these coated 
capillaries was poor. In addition, the coating proce­
dure was difficult with a very narrow capillary (e.g., 
50 fim) . 
Most stationary phases of gas chromatography (GC) 
columns are composed of polysiloxane-based polymers with 
different functional groups. For example, both the DB-1 
and BP-1 GC capillaries are coated with polymethylsi-
loxane polymer. These types of polysiloxane-based GC 
coatings have been used in microcolumn liquid chromatog­
raphy to cover the negatively-charged fused-silica wall 
(32) . The coating procedures for most commercially 
available GC columns are fully automated and well con­
trolled. Therefore, variations in coating thickness, 
degree of polymerization, and column-to-column perfor­
mance should be minimum. A GC capillary with an I.D. as 
small as 50 fim can be obtained from several companies. 
Thus, these microbore GC capillaries might be suitable 
for most CE applications that require a coated capil­
lary. 
Figure 6 shows an electropherogram using non-gel CE 
separation for the low-range DNA markers, Hae III/pBR 
322 DNA. Separation was performed in a 50 jum I.D. X 60 
cm (length) DB-1 GC capillary with 1 mM sodium borate 
(pH 8.5) containing 0.5 ^g/ml EBr and 0.5% hydroxy-
propylmethyl cellulose. Hae III/pBR 322 DNA consists of 
22 fragments ranging in length from 8 to 587 bp. Under 
these conditions, all 21 fragments (except the S bp) 
were well separated in less than 25 minutes. The 8 bp 
fragment was not detected in this run. The high separa­
tion efficiency of this system is evidenced because the 
resolution of two fragments (i.e., the 123 and 124 bp) 
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Figure 6. Non-gel CE separation of Hae lII/pBR322 DNA 
fragments with fluorescence detection. Column: DB-1 GC 
capillary, 50 fim l.D. X 60 cm total length, 50 cm effec­
tive length. Buffer: 1 bqM borate (pH 8.5) containing 
0.5 ^g/ml ethidium bromide and 0.5% HPMC. Sample con­
centration: 50 Injection: 1 s at -lOKV. Running 
voltage: -15KV. Peaks are labeled as base pairs. 
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differed by only 1 bp. A high separation power using 
the same condition is also demonstrated in Figure 7. 
Here, the complete separation of the 12 Bgl I/Hinf I 
digested fragments of pBR328 DNA was achieved in less 
than 3 0 minutes. Note that the separation efficiency of 
DNA fragments larger than 1000 bp is lower than the 
separation efficiency obtained with shorter fragments. 
Figure 8 shows the non-gel CE separation of the 
high-range DNA markers, the Hind III digests of lambda 
DNA. Most of the 7 fragments were separated in less 
than 18 minutes. The 4361 and the 23130 bp fragments 
possess the 12-base cohesive ends of the lambda DNA. 
These two fragments will hybridize during storage; this 
is why the peak signal of the 4361 bp fragment was weak. 
The 2027 and 2322 bp fragments were not separated under 
the indicated conditions. 
Figure 9 shows the non-gel separation of another 
set of high-range markers EcoR I digests of lambda DNA. 
This set of markers consists of six fragments ranging in 
size from 3530 to 21226 bp. The 5643 and 5804 bp frag­
ments were not separated at the indicated condition. In 
fact, resolution of fragments larger than 1000 bp using 
non-gel separation was relatively poor (18). To improve 
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Figure 7. Non-gel CE separation of Bgl I/pBR328 + Hinf 
I/pBR328 DNA fragments with fluorescence detection. 
Column: DB-l GC capillary, 50 jim I.D. X 60 cm total 
length, 50 cm effective length. Buffer: 1 mM borate 
containing (pH 8.5) 0.5 iiq/ml ethidium bromide and 0.5% 
HPMC. Sample concentration: 50 /ig/ml. Injection: 1 s 
at -lOKV. Running voltage: -15KV. Peaks are labeled as 
base pairs. 
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Figure 8. Non-gel CE separation of Hind III/lambda DNA 
fragments with fluorescence detection. Column; BP-1 GC 
capillary, 100 ^ m I.D. X 31 cm total length, 25 cm 
effective length. Buffer: 2 mM sodium phosphate (pH 
7.6) containing 0.47% HPMC and 0.5 fig/ial ethidiip bro­
mide. Sample concentration: 90 ^ g/ml prepared in the 
running buffer. Injection: 10 sec at -0.5 KV. Running 
voltage: -5 KV. 
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Figure 9. Non-gel CE separation of EcoR 1/lambda DNA 
fragments with fluorescence detection- Column: DB-1 GC 
capillary, 50 iim I.D. X 60 cm total length, 50 cm effec­
tive length- Buffer: 1 mM borate (pH 8.5) containing 
0.5 fig/ml ethidium bromide and 0-5% HPMC. Sample con­
centration: 50 ^;g/ml. Injection: 1 s at -lOKV. Running 
voltage: -15KV. Peaks are labeled as base pairs-
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the resolution of large fragments one could try varying 
the electrical field, as in pulsed-field electrophore­
sis. 
The long-term stability of the GC column is not 
ideal. At pK 8.5, the DB-1 and BP-1 capillaries last 
for about 2 0 injections before degradation of separation 
is evident. This instability is due to base-catalyzed 
hydrolysis of the siloxane bond at the silica surface 
(33). It will be very useful if a stable coated-capil-
lary which is specific for CE applications can be made 
commercially available in the future. 
Since slab agarose gel has been a good sieving 
medium for the separation of a wide range of DNA frag­
ments (1); we were also interested in capillary agarose 
gel for DNA separation. Agarose gel cannot be casted 
inside a bare fused-silica capillary, because it will be 
washed out by the electroosmotic flow. Casting of 
agarose gel in 50, 150, and 250 fim I.D. GC capillaries 
was attempted; however, most of the time DNA separation 
was only successful with the 250 fj,m capillary gel. The 
poor and non-reproducible separation for the other two 
capillaries was probably due to the formation of inhomo-
geneous gel matrix inside a narrow capillary. 
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CONCLUSIONS 
Gel-filled and non-gel capillary electrophoresis 
proved to be promising methods for the separation of DNA 
fragments. The advantages of these capillary electro-
phoretic methods include fast analysis time, high sepa­
ration efficiency, small sample size, real-time detec­
tion capability, accurate quantitation, and automated 
operation- Although CE lacks the capability of multiple 
samples application as in the slab gel system, the 
throughput of CE can be improved by running parallel 
capillaries simultaneously with an array detection 
system. Compared to polyacrylamide capillary gel, the 
KydroLink capillary is simpler to prepare and is highly 
reproducible. No surface treatment is required to 
immobilize the gel. Because of its high loading capaci­
ty, the HL capillary gel is valuable in semi-preparative 
CE application. To characterize the HL gel-filled 
capillary further, additional studies are needed to 
determine the parameters that affect the casting reprod­
ucibility, separation efficiency and stability of the 
capillary gel. 
Non-gel capillary electrophoresis performed inside 
a GC capillary is a simple and efficient method for the 
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separation of DNA fragments. The molecular sieving 
medium required for size-dependent separation is simply 
a viscous cellulose buffer that is very easy to prepare. 
The separation matrix can be easily replaced by flushing 
the capillary with the sieving solution. The GC capil­
lary eliminates the inconvenient steps required for 
making a coated capillary. The major limitation of the 
GC column is a short life-span caused by the base-cata­
lyzed hydrolysis of the siloxane bond on the capillary 
surface. However, a stable coated capillary could be 
made commercially available in the future once the 
coating technology is improved. Finally, pulsed-field 
electrophoresis in the capillary format will most likely 
be used in the future for the separation of large DNA 
molecules. 
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PAPER III 
INDIRECT FLUOROMETRIC DETECTION OF DNA FRAGMENTS 
IN CAPILLARY AND GEL ELECTROPHORESIS 
84 
INTRODUCTION 
In chromatography and capillary electrophoresis, 
absorption detection is the most widely used detection 
mode because of it's simplicity and wide applicability. 
Higher sensitivity can be achieved with other strategies 
such as fluorescence and electrochemical detection. 
However, these methods are so selective that only a few 
compounds can be detected naturally. When the analytes 
lack any physical or chemical properties, sensitive 
detection can only be realized with the implementation 
of chemical derivatization. 
Although chemical derivatization improves detec­
tion, it can be time-consuming, non-quantitative, unre­
liable, and destructive. The latter is particularly 
undesirable when working with materials that are expen­
sive and of limited quantity such as biotechnology prod­
ucts. In addition, derivatization can affect the sepa­
ration process, results in sample dilution, and is 
difficult to implement when working with a minute sample 
of material. 
Since it's early years of development by Yeung et 
al., indirect fluorescence detection has proven to be a 
universal, efficient, sensitive, and non-destructive 
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detection method in chromatographic separation (1). It 
allows the detection of charged and uncharged analytes 
in their native form; normally this would be impossible 
to detect without chemical derivatization. The princi­
ple of indirect fluorometry is well known (2). Briefly, 
when an fluorophore is added to the eluent, a constant 
fluorescence background is created at the detector 
(Figure 1). Once an analyte elutes from the column, the 
displacement of the fluorophore by the analyte causes a 
change in the fluorescence background for detection, 
although the analytes do not absorb or fluoresce. The 
indirect method has been applied in ion chromatography 
(3), high-performance chromatography (4), and thin-layer 
chromatography (5) for the detection of inorganic ions 
and non-electrolytes. 
Indirect fluorometry has been applied to polyacryl-
amide gel electrophoresis for the detection of two model 
proteins (6). In this study, on-line detection was not 
available, since appropriate separation and detection 
systems were not available. Recently, indirect fluores­
cence also has been applied to capillary zone electro­
phoresis (CZE) for the detection of metal ions (7,8), 
sugars (9), amino acids (10), peptides (11), and nude-
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Figure 1. A schematic diagram of indirect detection. 
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otides (12). In these studies, a fluorescing anion or 
cation was added to the running buffers. When charged 
analytes were present, they displaced the fluorescing 
ion at an equivalent amount due to the requirement of 
local charge neutrality, resulting in a negative signal. 
Indirect detection by this charge displacement mode is 
particularly favorable in electrophoresis since a buffer 
is always needed to establish the electric field gradi­
ent. 
In this paper, the application of indirect detec­
tion is further extended in molecular biology research. 
In particular, the feasibility of applying indirect 
fluorometry for the detection of double-stranded DNA 
fragments in agarose gel electrophoresis and capillary 
electrophoresis using cellulose-additive buffer (i.e., 
non-gel CE) will be examined. In addition, a charge-
coupled device camera was used to image the slab gel for 
sensitive on-line detection and ease of operation. 
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EXPERIMENTAL 
Materials 
Hind III restriction fragments of lambda DNA were 
obtained from International Biotechnologies (New Haven, 
CT) or were prepared by performing the restriction 
digestion described previously (14) . Hydroxypropyl-
methylcellulose (HPMC, 15000 cp at 25°C for a 2% solu­
tion) was obtained from Serva Biochemicals (Paramus, 
NY) . High-strength analytical grade agarose was sup­
plied by Bio-Rad (Richmond, CA). The background fluo­
rescing agents, sodium salicylate and fluorescence (acid 
form), were both reagent grade and were obtained from 
Sigma (St. Louis, MO). 100 iim I.D. BP-1 (polymethylsil-
oxane) GC capillary was obtained from SGE (Austin, TX). 
All other chemicals were reagent grade and were obtained 
from Sigma. All solutions were made up in high purity 
deionized water. 
Non-Gel Capillary Electrophoresis 
Non-gel capillary electrophoresis was performed 
with a 100 /im I.D. BP-1 GC capillary, as described 
before (13). The running buffer consisted of 1 mM 
sodium phosphate buffer (pH 7,5), 1 mM sodium salicy-
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late, and 0.47% KPMC. The stock DNA solution was dilut­
ed with either water or running buffer. The 3P-1 capil­
lary was flushed with a syringe and then equilibrated 
with the running buffer between runs. Sample loading 
was performed using electromigration. 
A sketch for the capillary electrophoresis with 
fluorescence detection system is shown in Figure 2. For 
the fluorescent dye salicylate, a 8 mW HeCd laser oper­
ating at 325 nm (Liconix, Model 4240) was used for 
excitation. The laser power was stabilized with a laser 
stabilizer (Cambridge Research and Instrumentation, 
Cambridge, MA, Model LSlOO), and then the laser beam was 
focused onto the capillary with a l-cm focal length 
quartz lens. The capillary was mounted at the Brews­
ter's angle to minimize scattered light. Fluorescence 
was collected at a right angle to the incident laser 
beam with a lOX objective lenses. After passing through 
the appropriate filters, the collected fluorescent 
signal was imaged to a photodiode for detection (Hamama-
tsu, Middlesex, NJ, Model HC220-01). The voltage signal 
from the photodiode was displayed on either a strip-
chart recorder, or on a PC computer with the Chrom 
Perfect Direct data acquisition interface (Justice 
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Figure 2. A sketch of the experimental setup up for 
capillary electrophoresis with indirect fluorescence 
detection. ST = stabilizer, M = mirror, L = lens, OB = 
objective, F = filter, PD = photodiode, CR = chart 
recorder, PC = computer, HV = high voltage power supply. 
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Innovations, Palo Alto, CA) . 
Slab Gel Electrophoresis 
A schematic diagram of the experimental setup is 
shown in Figure 3. Slab gel electrophoresis was per­
formed with a vertical electrophoresis system (Owl 
Scientific Plastics, Cambridge, MA, Model ADJl). Sand­
wich gels were cast between a frosted, eared glass plate 
(back plate, 16 cm x 14 cm) and a quartz cover plate 
(front plate, 16 cm x 16 cm). The back of the frosted 
glass plate was spray-painted black. Sample slots were 
formed between the front and back plates using a sample 
well-former. The thickness of the gel was determined by 
the spacer separating the two plates, which was typical­
ly 0.6-0.8 mm. The running buffer, at pH 8.2, consisted 
of 7.5 mM Tris base, 0.5 mM Tris-PO^, 0.4 mM disodium 
fluorescence, and 0.05 mM EDTA. The upper electrophore­
sis chamber was filled with the running buffer, while 
the lower chamber was filled with 7 mM Tris - 1 mM Tris-
PO^ buffer. Gels were typically 0.35% and prepared in 
the lower chamber buffer. All gels were pre-run for 2 
hours before sample loading. During the pre-run step, 
the fluorescence ion was migrated into the gel electro-
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Figure 3. A schematic diagram of the experimental setup 
for vertical slab gel electrophoresis. 
kinetically. 
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Detection 
On-line monitoring of the electrophoresis process 
was achieved via a charge-coupled device (CCD) camera, 
as described before (12). The camera was placed about 2 
feet away from the gel and the typical exposure time was 
5 s. Excitation of the fluorescence background within 
the gel was performed using UV lamps operating at 360 nm 
(Cole-Palmer). For the detection of fluorescence, a 
broadband filter centered at 520 nm was placed in front 
of the camera lens to block any unwanted light from 
entering into the camera. The acquired images were 
flat-fielded and stored in an AT-compatible computer for 
further data processing, and background correction with 
polynomial fit was sometimes used. 
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RESULTS AND DISCUSSION 
In indirect fluorescence detection, the concentra­
tion detection limit is described by the following 
equation (2), 
Cum = ^  / TB X OR 
is the concentration of background fluorcphcre. TR is 
the transfer ratio which is defined as the number of 
fluorophores displaced per analyte molecule. DR is the 
dynamic reserve which is defined as the ratio between 
the background fluorescence signal to its noise level. 
Practically, DR represents the ability to measure a 
small change over a large background. To obtain a low 
detection limit, it requires the use of a low fluoroph-
ore concentration (small C^) , a fluorophore that can be 
displaced as much as possible by the analytes (large 
TR), and a background fluorescence with high stability 
(large DR). The background fluorescence stability 
depends on the stability of the laser and the fluores­
cence intensity. With the use of a laser stabilizer, 
the DR obtained in this work was around 600, which was 
typical in indirect fluorescence detection. 
If, for a given amount of analyte, the fractional 
change in background fluorescence is larger when the 
concentration of fluorophore is decreased, one can then 
expect to use a fluorophore concentration that is as low 
as possible to achieve the best detection limit. Howev­
er, when the buffer contains the fluorophore ions and 
other ions of the same charge, just decreasing the 
fluorophore ions will also decrease the displacement 
ratio (TR) proportionally. In addition, the optimum 
buffer for detection is not necessarily the optimum 
buffer for separation, or vice versa. For example, Kuhr 
et al. (9) have shown impressive separation with indi­
rect fluorescence detection of nucleotides using pH 3.5, 
250 /xM salicylate buffer (12) ; however, this buffer may 
not be useful for the separation of biomolecules such as 
nucleic acids. The conformation of nucleic acids is 
highly dependent on pK and ionic strength. When a 
running buffer is operating at extreme pH or when a 
buffer having a low concentration (ionic strength) is 
used, denaturation of double-stranded DNA molecules is 
possible. This can complicate the electrophoretic 
separation process. As a result, the requirements for 
obtaining optimum detection and optimum separation 
contradict each other. Therefore, one should compromise 
both the detection and separation to make indirect 
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detection practically useful. 
In electrophoresis, the concentration of buffer in 
the sample should be lower than that of the running 
buffer; otherwise, poor separation results. In addi­
tion, the present of a high buffer concentration (or 
other charged impurities) in the sample is also very 
undesirable for indirect detection. The buffer ions in 
the sample will displace the background fluorophore in 
much the same way as the analytes, resulting in buffer 
peaks and baseline fluctuation. The analytes' peaks can 
even be lost when the disturbance due to the sample 
buffer is severe. In addition, sample loss can also be 
a serious problem when a sample is dissolved in concen­
trated buffer. In gel electrophoresis, our experience 
shows that when the sample buffer is about 3 times more 
concentrated than the running buffer, DNA molecules will 
diffuse out of the loading well once the electrophoresis 
voltage is applied, resulting in sample loss. The 
restriction reaction of lambda DNA with Hind III endonu-
clease is usually performed in buffer consisting of 50 
mM Tris-HCl, 10 mM MgClg, 50 mM NaCl, excess Kind III, 
and 0.1 mg/ml BSA. This buffer is obviously not compat­
ible with indirect detection since it is usually 
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performed with running buffer having a concentration of 
1 mM or less. Thus, sample preparation steps are neces­
sary to remove the excess salt and protein. This can be 
done by extracting the DNA by ethanol precipitation or 
dialyzing the sample with the appropriate cut-off mem­
brane. For a small sample size (e.g., 50-400 fJ.!) , ex­
traction or dialysis of samples can be easily and quick­
ly achieved using micro-centrifuge filter units such as 
the Ultrafree-MC unit from Millipore. 
Non-Gel Capillary Electrophoresis 
Since indirect fluorometry involves the measurement 
of a small change over a high background for detection, 
ideally, the fluorescence background should be as con­
stant as possible for high sensitivity detection. In 
non-gel capillary separation, one factor which can 
affect the uniformity of the fluorescence background is 
the type of capillary used. As discussed in the last 
chapter, non-gel DNA separation using cellulose additive 
is best performed with a commercial GC capillary. 
Unlike the coated capillary that is prepared according 
to the published procedure, the use of a GC capillary 
allows for a fairly constant fluorescence background 
which is suitable for indirect detection. In many past 
instances when coated capillaries were used, the base­
line fluctuated so drastically that injection of samples 
was not possible. Furthermore, the stability of the 
fluorescence background also depends on the type of 
fluorophore used. For example, when disodium fluores­
cence was used, a stable fluorescence background was 
hard to achieve. This was probably due to the interac­
tion of the dye with the GC stationary phase and/or with 
the cellulose additive. Local pH change inside the 
capillary can also cause variation in the background 
fluorescence. 
A typical electropherogram for the non-gel capil­
lary electrophoresis of Hind Ill/lambda DNA with indi­
rect fluorescence detection is shown in Figure 4. The 
running buffer consisted of 1 mM sodium phosphate (pH 
7.5), 1 mM sodium salicylate, and 0.47 % hydroxypropyl-
methyl cellulose (HPMC). Under these running condi­
tions, most of the Hind III DNA fragments were separat­
ed. Of course, better results could be achieved by 
further manipulation of the running conditions such as 
type of buffer, cellulose concentration, and field 
strength. To ensure the true identity of the observed 
99 
10 12 13 
Time (min) 
1 A 1F 
Figure 4. Electropherogram for the CE separation of 
Hind Ill/lambda DNA fragments with indirect fluorescence 
detection. column: BP-l GC capillary, 100 /un I.D. X 25 
cm total length, 20 cm effective length. Buffer: 1 mM 
sodium phosphate (pH 7.6), 1 mM sodium salicylate, and 
0.47 % HPMC. Sample concentration: 0.2 6 ^g/^1. Injec­
tion: 1 min at -0.5 KV. Running voltage: -4 107. Peaks 
are labeled as base pairs. 
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indirect peaks, the DNA peaks were confirmed by direct 
fluorescence detection with ethidium bromide staining 
(Figure 5). To improve the concentration detection 
limit (smaller C^.^) , one could decrease the concentra­
tion of the fluorophore; in this case, the salicylate 
ion was decreased. When the salicylate ion was reduced 
to 0.1 mM, we could still achieve a similar separation; 
however, the indirect signals were weak. This was 
because the transfer ratio (TR) was decreased propor­
tionally. In addition, at this low salicylate concen­
tration, the fluorescence from the cellulose additive 
contributes a substantial background that could degrade 
detection. For buffers consisting of either 0.1 mM 
phosphate and 1 mM salicylate, or just 1 m2î salicylate, 
the indirect signals were increased as expected, but 
separation of the DNA fragments was poor. This could be 
due to an excessive pH change inside the capillary 
during electrophoresis. Furthermore, since the dye was 
present in excess as compared to the buffer ion, it is 
possible that any interaction between the dye and the 
DNA molecules could have degraded the separation 
efficiency. Attempts to vary the running conditions 
such as HPMC concentration, separation voltage, and the 
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Figure 5. Electropherogram for the CE separation of 
Hind Ill/lambda DNA fragments with direct fluorescence 
detection. Column: BP-1 GO capillary, 100 ^m I.D. X 25 
cm total length, 20 cm effective length. Buffer: 1 mM 
sodium phosphate (pH 7.6), 1 mM sodium salicylate, 0.47 
% HPMC, and 0.1 /ig/ml ethidium bromide. Sample concen­
tration: 0.2 6 iiq/^1. Injection: 3 0 s at -0.5 KV. Run­
ning voltage: -4 KV. Peaks are labeled as base pairs. 
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length and size of the capillary to affect better sepa­
ration were not successful. 
Slab Gel Electrophoresis 
In slab gel electrophoresis of DNA fragments, both 
horizontal and vertical running systems are common. The 
selection of one over the other depends on the applica­
tion and one's personal preference. In general, the 
horizontal system is simpler to use; while the vertical 
system usually gives tighter bands. When used with 
indirect detection, however, the vertical system is 
often the method of choice. With this system, the 
sample will spread itself over the whole cross-sectional 
area of the sandwich gel slot such that any part of the 
fluorescence gel can be subjected to indirect detection 
wherever DNA is present. In contrast, in the horizontal 
format the sample travels through only a portion of the 
cross-sectional area of the gel. As a result, the 
portion of gel which is not involved in indirect detec­
tion can contribute to an unnecessarily high fluores­
cence background. Nevertheless, several precautions 
have to be taken when vertical sandwich gels are cast. 
First, a frosted back plate should be used instead of 
103 
ordinary glass plate. Otherwise, the agarose gel may-
slide out since the adhesion of agarose to an ordinary 
glass surface is weak. This is especially important for 
low percentage gels. Second, agarose material with high 
gel strength should be used to ensure integrity and easy 
handling of gels. We used the Ultrapure-grade agarose 
from Bio-Rad because of its high gel strength (>2 000 
g/cm^at 1.5%). Recently, Bio-Rad has supplied a chro­
mosomal grade agarose which has the highest gel strength 
(>6000 g/cm2) available on the market. With this aga­
rose, casting of gel as low as 0.2% is possible. Third, 
once it is dissolved in boiling buffer and cooled down 
to about 85°C, the hot agarose solution should be poured 
immediately into the gap between the front and back 
plates for gel casting. Pouring of warm agarose solu­
tion between the plates can be a problem because of its 
higher viscosity as compared to that of the hot solu­
tion. This is extremely difficult when the thickness of 
the sandwich gel becomes smaller. 
Figure 6 is a typical image for the separation of 
Hind Ill-digested fragments of lambda DNA with indirect 
fluorescence detection. The plot of the location of 
bands is also shown in Figure 7. The running buffer was 
Figure 6. An image for the separation of Kind Ill/lam­
bda DNA fragments using slab gel electrophoresis with 
indirect fluorescence detection. Gel: 0.35% agarose, 
0.8 mm in thickness, 5 mm wide well. Running buffer: 
7.5 mM Tris, 0.5 mM Tris-phosphate, 0.4 mM fluorescence, 
and 0.05 mM EDTA (pH 8.2). Sample concentration: 0.33 
jUg/Ml- Loading: 4 fil. Running voltage: -10 V. Direc­
tion of electrophoresis is from top to bottom. 
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Figure 7. Plot of the location of DNA bands of the image 
in Figure 6. Peaks are labeled as base pairs. 
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at pH 8.2 and consisted of 7.5 mM Tris base, 0.5 mM 
Tris-PO^, 0.4 mM fluorescence and 0.05 mM EDTA. The 
dark bands shown here are not simply the indirect ab­
sorption bands described before (14) since DNA will not 
absorb UV light above 3 00 nm. Instead, the dark bands 
are a result of a reduction in the background fluores­
cence signal due to the displacement of the fluorescence 
ion by the negatively-charged DNA molecules. Under 
these running conditions, most of the Hind III fragments 
were well separated and detected. Smearing of some of 
the bands was not due to sample overloading or interac­
tion between the DNA molecules and the gel but rather to 
an imperfection in the sample-well as it formed during 
the casting procedure. When the running buffer was 
decreased by a factor of three, separation of the DNA 
bands was still possible with a 0.25% gel, although 
resolution between the bands was lower. In addition, 
this low percentage gel was difficult to handle because 
of its softness. However, this problem can be solved 
when agarose with a higher gel strength is used (e.g., 
the chromosomal grade agarose from Bio-Rad). A further 
decrease in the running buffer made separation of the 
DNA fragments extremely difficult. This was probably 
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due to the partial denaturation of DNA molecules because 
of the low ionic strength of buffer. 
One of the major problems in slab gel electrophore­
sis with indirect detection is the non-uniformity of the 
gel fluorescence background. This degrades the contrast 
of the signai, resulting in low sensitivity of detec­
tion. The uneven background may be due to a local pK 
change inside the gel, inhomogeneity of gel, and the 
interaction of the fluorescence dye with the gel matrix. 
This problem could be solved once an improved fluores­
cence buffer and quality of gel are developed. 
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CONCLUSIONS 
Our primary results show that on-line detection of 
native DNA fragments by indirect fluorometry is feasible 
in slab gel and capillary electrophoresis. The method 
is non-destructive, as staining of DNA is not required 
for detection. Moreover, possible sample loss during 
the staining and destaining steps is eliminated. These 
are particularly important considerations when a limited 
quantity of sample is available. Since indirect fluo­
rescence detection involves the measurement of a back­
ground fluorescence signal for detection rather than the 
analyte itself, dyes with different physical and chemi­
cal properties can be used in a particular analysis for 
optimum separation and detection. Furthermore, this 
method is especially useful when the optical path is 
limited for absorption detection, such as a very narrow 
capillary or an ultrathin slab gel (< 50 ^m). The 
concentration of DNA used here is comparable to that 
used for the UV absorption experiment. However, once 
the running conditions are optimized, improved separa­
tion and detection is expected. 
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GENERAL SUMMARY 
The CCD-based gel electrophoresis system offers 
sensitive on-line detection for native DNA fragments via 
absorption measurement. The method does not require 
staining for detection, and the system is easy to oper­
ate. The amount of DNA used in our study is typical, so 
the system can be readily implemented in molecular 
biology research. 
The HydroLink gel-filled and non-gel capillary 
electrophoresis (CE) both offer rapid and efficient 
separation of DNA fragments, especially for DNA less 
than lOOO bp in length. CE requires a very small sample 
volume (e.g., nl) for analysis, and on-line UV absorp­
tion detection is readily available with the commercial 
instruments. The HydroLink (HL) capillary gel is easier 
to cast than the polyacrylamide capillary gel. Since 
the HL gel process 10-fold excess in loading capacity, 
the use of capillary HL gel for preparative-scale appli­
cations can be realized. Non-gel CE separation is very-
interesting since the method is very easy to perform. 
The use of a GC capillary as the separation chamber 
eliminates the time-consuming and non-reproducible steps 
necessary for making a coated capillary. 
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Finally, we have shown that it is feasible to 
detect native DNA fragments via indirect fluorometry in 
gel and capillary electrophoresis. Since detection is 
based on the measurement of background fluorescence 
signal, dyes of different physical and chemical proper­
ties can be selected in a particular analysis for achie­
ving optimum detection. The concentration of DNA used 
in the study here is comparable to that of using absorp­
tion detection. Improved separation efficiency and 
detection sensitivity are expected once the running 
conditions are optimized. 
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